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Abstract
Mechanical properties of a cell reflect its biological and pathological conditions including
cellular disorders and fundamental cellular processes such as cell division and differentiation.
There have been active research efforts to develop high-throughput platforms to mechanically
characterize single cells. Yet, many of these research efforts are focused on suspended cells and
use a flow-through configuration. Therefore, adherent cells are detached prior to the
characterization, which seriously perturbs the cellular conditions. Also, methods for adherent
cells are limited in their throughput.
My study is aimed to fill the technical gap in the field of single cell analysis, which is a highthroughput and non-invasive mechanical characterization of single adherent cells. I developed a
multi-modal platform to mechanically characterize single adherent cells. The platform is based on
optomechanical principle, which induces least perturbation on the cells and does not require cell
detachment. Besides, multiple measurements can be performed on a single cell to track its
mechanical behavior over time. Proposed platform can expand our understanding on the
relationship between mechanical properties and cellular status of adherent cells.
Single adherent cells are characterized optomechanically using the vibration-induced phase shift
(VIPS). VIPS is a phase shift of apparent velocity of a vertically vibrating substrate measured
with laser Doppler vibrometer (LDV), when the measurement laser passes through an adherent
cell or any transparent objects on the substrate. The VIPS and height oscillation of a single cell
on a vibrating substrate have negative correlation with the cell stiffness. An analytical model is
established which demonstrates relationship between cell’s mechanical properties and its VIPS.
With the VIPS measurements, at multiple frequencies on large population of cells, the statistical
significant difference in the cell stiffness is confirmed after exposure to various drugs affecting
vii

cytoskeleton network. Also, a 3-dimensional finite element model is developed to extract the cell
stiffness from VIPS.
VIPS technique is used to reconstruct the detailed oscillation pattern of transparent objects such
as water microdroplets and intracellular lipid droplets on a vibrating substrate, which can give us
better understanding of mechanical behavior of biological transparent objects.
In addition, using VIPS measurement mechanical interaction between extracellular matrixes
(ECMs) and adherent cells is studied. Statistical significant difference in bonding straight of
single cells and different ECMs is demonstrated.

viii

Chapter 1. Introduction and Literature Survey
1.1. Motivation and outline
Studies on the cell mechanics have shown that various cellular conditions are reflected on
the cell’s mechanical properties[1]. Cellular abnormalities such as cancer[2-4], blood diseases[5],
and inflammation[6, 7] are often associated with variation in cell’s cytoskeleton and its
mechanical behavior. Moreover, fundamental cellular processes including cell division[8],
differentiation[9, 10], and motility[11] have an impact on cell’s mechanical properties. Therefore,
mechanical properties of the cells are known as a critical biomarker for early detection of cellular
disorders and disease states of the cells.
Various techniques have been developed for mechanical characterization of single cells, however,
most of them have been focused on suspended cells and techniques for adherent cells are limited
to their throughput. The absence of a non-invasive and high throughput method to characterize
mechanical properties of adherent cells becomes a major bottleneck in diagnosing cellular
malignancy.
Main goal of this research is developing and validating the performance of a novel
technique to characterize mechanical properties of single adherent cells with high throughput.
Using this technique adherent cell can be characterized optically when it is attached on the
substrate in its physiological condition with minimum perturbation. Also multiple measurements
can be done on a cell to monitor variation of its mechanical properties over time.
In this Chapter, I discuss about biological implications of cell mechanics. The close
correlation between cell’s mechanical properties and its physiological and pathological condition
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is explained. Then various techniques for mechanically characterizing single cells are reviewed
with the discussion on their advantages and drawbacks.
In Chapter 2, a new optomechanical technique is introduced to characterize the stiffness
of single adherent cells attached on a MEMS resonator. The oscillation in a cell’s height on a
vertically vibrating resonator is measured with laser Doppler vibrometer as apparent changes in
the phase of measured velocity, which is called vibration induced phase shift (VIPS). The VIPS
of cells are shown to be dependent on their mechanical properties. Contribution of the author in
this section is establishing an analytical model to extract the mechanical properties of the cells
from their previously measured VIPS.
In Chapter 3, an improved VIPS measurement setup is presented, which increases the
measurement throughput and frequency range using a new actuation unit instead of MEMS
resonator. VIPS profiles of live and chemically treated cells are obtained to show effect of cell’s
cytoskeleton changes on stiffness of the cell. Also, stiffness of the cells is estimated with
establishing a 3-dimentional finite element model.
In Chapter 4, VIPS technique is exploited to investigate the dynamic behavior of
microscopic transparent objects by inducing a harmonic vibration and measuring their oscillation
pattern. Oscillation pattern of a water microdroplet as a model system and an intercellular lipid
droplet as a biological sample are reconstructed at various actuation frequencies.
In Chapter 5, mechanical interaction between single adherent cells and various
extracellular matrixes (ECMs) is investigated using VIPS technique. VIPS measurement is
performed on large population of single colon cancer cells (HT-29) cultured on different ECMs
and it is shown that VIPS value of cells cultured on different ECMs are significantly different
from each other. Fluorescence images of cells’ cytoskeleton are captured and close correlation

2

between cell spreading on different ECMs and VIPS are demonstrated. This suggests the
potential of VIPS measurement for analyzing adhesion and spreading of individual adherent cells.

1.2. Cell mechanics and its biological implications
The mechanical properties of the cell and its ability to respond to mechanical signals are
playing important roles in various biological functions of the cell such as, cell growth[12], cell
migration[13, 14], stem cell differentiation[15, 16], and regulation of disease state[17-19]. For
instance, cell adhesion and crawling varies significantly by the stiffness of the cells’ substrate[14]
and disability of the heart muscle cells in contraction is the major cause of heart failure[20]. Slow
stretching of the axon of the neural cells helps their growth[21], but extreme stretching of the
axon during traumatic brain injury (TBI) causes cell death[22]. Deformability of smooth muscle
cells in the blood vessel walls is closely related to the hypertension and other cardiovascular
diseases[20].
Furthermore, numerous studies reported that cancer could cause considerable changes in
mechanical properties of the cells, which may be a potential biomarker for early stage detection
of cancer and test of anti-cancer drugs[23]. Furthermore, lots of studies claimed that mechanical
properties and cytoskeleton organization of cancer cells are very dependent on their level of
aggressiveness. It is claimed that there is a positive correlation between cell malignancy and
deformability[4]. Many studies reported that among cancerous cells, highly metastatic cancer
cells tend to be softer and more deformable than non-invasive ones[3, 24, 25]. Cross et al.[26]
reported that metastatic cancer cells taken from the patients with lung, breast, and pancreatic
cancer were significantly softer than corresponding normal cells. Corbin et al.[27] showed that
non-malignant human breast cancer cells, MCF-10 were stiffer than corresponding non-invasive
breast cancer cells, MCF-7 and that highly-invasive breast cancer cells, MDA-MB-231 were
3

softer than MCF-7. Furthermore, fiber actin which has a critical role in mechanical characteristics
of cells, is less expressed in metastatic cancer cells compared to non-metastatic cancer cells[3,
28]. Investigating mechanical properties of cancer cells helps researchers to better understand the
physical mechanisms of cancer metastasis.
Cell mechanics can be characterized using two different types of techniques. One group
extracts mechanical properties of the cell by applying external force and recording the cell’s
responses. The other group measures the forces produced by the cell with seeding the cell on
deformable structures[29].
Some of the well-known methods in the former group are atomic force microscopy
(AFM)[30, 31], micropipette aspiration[32, 33], optical tweezers[34, 35], optical stretcher[36, 37],
magnetic bead twisting[38, 39], and microfluidic flow cytometry[40, 41]. These methods
typically measure elasticity and viscosity of the cell by applying the stress to the cell and
observing the resulting strain of the cell.
Techniques on the later group include traction force microscopy[42, 43], wrinkling
membrane[44, 45], cantilever sensing[46, 47], bioreactor[48, 49], and micropost arrays[50, 51].
Also magnetic tweezers, optical tweezers, and AFM can be used as force sensing techniques
without applying external forces. Force sensing techniques focus on measuring cell traction
forces (CTFs). CTFs are crucial for cell migration, cell shape maintenance, mechanical signal
generation, and organizing of the extracellular microenviroment (ECM). CTFs are generated by
actomyosin interactions and actin polymerization and regulated by intracellular proteins such as
alpha-smooth muscle actin (α-SMA) and soluble factors such as transforming growth factor-β
(TGF-β)[43]. Thorough understanding of CTF will provide valuable clues to elucidate physical
principles behind fundamental cellular processes, such as, inflammation, wound healing,
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angiogenesis, and metastasis. For instance, highly metastatic cells have lesser traction forces than
their non-transformed counterparts[52, 53].
This chapter will focus on the techniques, which apply external force to extract cell
stiffness in particular.
Force Applying techniques

Force Sensing techniques

Micropipette
aspiration

Atomic force
microscopy (AFM)

Wrinkling
membrane

Optical tweezers

Optical stretcher

Cantilever sensing

Bioreactor

Magnetic twisting

Flow cytometry

Micropost arrays

AFM

Traction force
microscopy

Fig. 1.1. Various techniques for mechanical characterization of single cells[29]

1.3. Cell stiffness
Stiffness of living cells are closely related to the physiological and pathological status of
the cells[1]. Cancerous cells in many types of tumors such as, breast cancer[26, 27], prostate
cancer[54], thyroid cancer[55], and kidney cancer[56], were reported to be softer than their
benign counterparts. Human red blood cells infected by malaria[2] and diabetic
cardiomyocytes[57] showed increased stiffness in comparison to healthy counterparts.
Inflammation of neutrophil cells after treatment with inflammatory mediators reduced the
deformability of the cells[6]. Stem cell differentiation is also associated with changes of the cell
stiffness[9, 10, 58]. These studies established mechanical stiffness of cells as a biomarker of cells’
5

biological conditions[1, 59], which can be used to investigate various cellular disorders and
essential cellular processes.

1.4. Measurement methods for cell stiffness
Various methods to characterize stiffness of single cells were developed. These methods
can be largely divided into two categories, one that requires suspended cells and one that
measures cells attached on a substrate.

1.4.1. Measuring stiffness of suspended cells
Methods in this group include microfluidic flow cytometry[40, 41, 60, 61], suspended
microchannel resonator[62], optical stretcher[36, 37], and solid-state micropore[63, 64].
Deformation-based flow cytometries characterize deformability of cells after exerting external
force like hydrodynamic force on them [40, 41] or passing them through micro-channels and
measuring their transition time[60-62]. In optical stretcher, time-dependent deformation of a cell
is measured while optical gradient forces stretch the cell [36, 37]. In solid-state micropore
approach, cells are pushed through a micropore, one at a time. Various cell populations with
distinct stiffness can be detected using their electrical translocation pulse and translocation time.
These methods based on a flow-through configuration exhibit very high throughput. Thus,
they are suitable to obtain a snapshot of a large cell population and identify a rare subgroup in a
heterogeneous population. When assessing the effects of external stimuli such as cancer drugs or
inhibitors of key pathways, these methods provide a statistical inference by comparing two cell
groups with and without the stimuli. However, with the flow-through configuration, it is difficult
to directly compare the mechanical properties of a same cell before and after the exposure to
external stimuli with high throughput.
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1.4.2. Measuring stiffness of adherent cells
Techniques in the second category measure adherent cells without detaching them from
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1-5. Mechanical interaction between cell and extracellular matrix
The mechanical interactions between a cell and its surrounding extracellular matrix
(ECM) play a critical role in essential cellular processes including cell migration, gene expression,
cell growth, and differentiation. Specifically adhesion of cancerous cells to the ECM influences
their growths and invasion potential. As the adhesion strength of the cancerous cells to their
basement ECM reduces, risk of detachment of the cells and invasion to the other sites increases
[71]. The vital role of cell adhesion in cellular behavior and function led to development of
various methods for studying cell adhesion properties and quantitative analysis of cell adhesion
has become an informative approach in various areas of study including early diagnosis of cancer
and diseases, drug treatment for diseases, development of biocompatible material and tissue
engineering.

1-5-1. Cell adhesion measurement
Cell adhesion characterization methods can be grouped into the cell population and single
cell approaches. Cell population methods such as, plate-and-wash assay [72, 73], resonance
frequency assay [74, 75], centrifugation [76, 77], spinning disk [78, 79], flow chamber [80, 81],
and microfluidic-based methods [82-84] rely on the average response of a group of cells. Plateand-wash assay reports the fraction of cells, which remains attached after washing the substrate
without exact force quantifications. In resonance frequency assay, the adhesion and spreading of
cell population are studied using variation of resonance frequency and motion resistance of a
piezoelectric biosensor. Centrifugation, spinning disk, flow chamber, and microfluidic-based
methods applies load on cell population in different ways to detach a portion of cells, then report
a population adhesion straight which is the force or stress value at which half of the cells detach
from the substrate. Although cell population methods present essential information for adhesion
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analysis of cell groups in different conditions, but development of single cell approaches are also
necessary to study adhesion of individual cells more precisely.
Plate and wash assay

Plate and wash assay

Centrifugation assay

QCM sensor

Applying unknown shear force

Spinning disk assay

Applying shear force (linear force gradient)

shift of resonance frequency

Flow chamber assay

Applying Hydrodynamic shear force

Applying centrifugal force

Microfluidic-based method

Online imaging of cell morphology changes

Fig. 1.3. Cell population methods for characterization of cells adhesion. These methods rely on
the average response of the cell population [75, 78, 83, 85-87].
Single cell adhesion measurement methods can be divided further into two groups. One
group includes traction force microscopy [88, 89] and micropost array [90, 91], which
characterize the interaction forces between a single cell and its ECM while cells are attached.
Despite of precise measurement of cell traction force, these approaches have low-throughput and
need a skilled operator to perform a time-consuming measurement process [92]. The other group
includes micropipette aspiration [32, 93], atomic force microscopy [94, 95], biomembrane forceprobe [96, 97], and optical tweezer [98, 99], which measure the adhesion strength by inducing
required force to completely or partly detach the cell-ECM bonding [100]. Similarly, these
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methods can provide accurate adhesion measurement of a single cell, however they cause cell
damage or complete cell detachment, have low-throughput and require a skilled operator [92].
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Chapter 2. Numerical Analysis of Oscillating Cells on MEMS
Resonator
2.1. Introduction
Analytical modeling and experimental data of a novel optomechanical phenomenon,
termed as vibration-induced phase shift (VIPS), are presented in this chapter. This VIPS
measurement can be used as a non-invasive technique to characterize the mechanical stiffness of
single cells in their physiological condition with high throughput.
In earlier studies[101], it has been experimentally shown that a cell's inertial loading on a
mass sensor is affected by its stiffness. This observation implies that a cell on a vertically
vibrating substrate experiences structural deformation, which is mostly oscillation of its height,
and, the degree of the height oscillation is inversely proportional to the cell stiffness. The
described technique in this section uses a laser Doppler vibrometer (LDV) to measure the
amplitude and phase of this height oscillation, which are used to extract the elasticity of single
cells.
It should be clarified that the contribution of author of this report in this chapter is
establishing an analytical model for extracting mechanical properties of single cells from the
previously measured VIPS profile of the cells.

2.2. Principles of Vibration Induced Phase Shift (VIPS)
An adherent cell attached on a solid substrate can be modeled as a second-order harmonic
oscillator, as shown in Fig. 2.1(a). When the substrate vertically oscillates, the cell is forced to
vibrate (i.e. cell height is oscillating) at the same frequency but with different amplitude and
phase. The amplitude and the phase of the cell height oscillation are a strong function of elasticity
and viscosity of the cell along with the actuation frequency. Since the cell has a higher refractive
11

index compared to the surrounding media, this oscillation of the cell height can be detected
optically with LDV.

Fig. 2.1. Schematic diagram of optomechanical stiffness measurement. (a) A cell on a sensor can
be modeled as a spring-damper-mass system. (b) When the LDV laser is located inside the cell
body, oscillation of the cell body modulates the optical path length of the LDV laser, causing the
apparent shift of the measured velocity's phase.
The schematic diagram of a single cell on a vibrating substrate and an LDV's
measurement laser is shown in Fig. 2.1(b). The experimental setup is similar to that in an earlier
study[101]. The LDV is an optical instrument that can measure a time-derivative of the optical
path length (OPL) of the measurement laser reflected from a target surface. In Fig. 2.1(b), h, Ac,
D, As, ω, φ, nGM, and nCell represent the static cell height, the amplitude of the cell's height
oscillation, the distance of the substrate to the LDV, the amplitude of substrate's vibration, the
angular frequency of the vibration, the phase of height oscillation, the refractive index of the
media, and the refractive index of the cell, respectively. The substrate has a static distance D to
the LDV and oscillates in a vertical direction with an angular frequency of ω and amplitude of As.
The adherent cell on the substrate has a static height of h and oscillates at the same frequency but
12

with different amplitude Ac and phase φ.
When the measurement laser is located on the vibrating substrate outside the cell as
shown in Fig. 2.1(b), the total OPL(t) is as shown in Equation 2-1.

OPL(t) = ∑ ni di (t) = (nGM × PositionSensor (t)) + nGM × D
= (nGM AS × sin ω t) + const.

Equation 2-1

The output of the LDV is the time-derivative of OPL(t) in Equation 2-1, which is the
velocity of the platform multiplied by nGM. On the other hand, when the measurement laser
passes through the cell as shown in Fig. 2.1(b), the measurement laser experiences an additional
modulation of OPL from the cell's height oscillations, as shown in

OPL(t) = ∑ ni di (t)

Equation 2-2.

= (nGM × (PositionSensor (t) − heightCell (t))) + (ncell × heightCell (t))
= (nGM × AS sin ω t) + (ncell − nGM ) × AC sin(ω t + φ ) + const.
≈ nGM AS × (1+ ΔA) × sin(ω t + Δφ ) + const.
where ΔA =

(ncell − nGM ) × AC
nGM × AS

⎡ (n − n ) A
⎤
Δφ = arctan ⎢ cell GM × C × sin φ ⎥
nGM
AS
⎣
⎦

Equation 2-2
The lock-in-amplifier can analyze the velocity output of the LDV with respect to the
reference actuation signal to extract the apparent amplitude increase, ΔA and the apparent phase
shift, Δφ of the measured velocity. This apparent phase shift is termed as VIPS.
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2.3. Results
2.3.1. VIPS measurement
MEMS mass sensors in earlier studies[101] are used as vibrating substrates to induce
VIPS. The platform of the sensor is designed to vibrate vertically for uniform mass
sensitivity[102]. The mass sensor is used to apply vertical vibration to target cells with an
actuation frequency of 50 kHz and an amplitude of 100 pm. As shown in Fig. 2.2, human colon
adenocarcinoma cells (HT-29) are cultured on mass sensors, which are functionalized with
collagen. While the platform of a mass sensor oscillates at a fixed frequency, the phase of the
substrate's velocity is measured by the LDV and the lock-in-amplifier at three locations (location
#1–#3) outside but near the cell and one location (location #4) inside the cell, as shown in Fig.
2.2(a)-(d). It takes about a few seconds to measure the phase at each location. For each sensor,
the average of the phases measured at the locations outside the cell is used as a reference. The
relative phase values of the velocity at four locations are shown in Fig. 2.2(g). As shown in the
plot, an increased phase is clearly observed when the velocity is measured through the cell
(location #4) and the apparent phase shift is about 0.4°. In Fig. 2.2(e), four locations are placed
outside the cell as a control and the differences in the measured phase are much smaller.
Furthermore, in Fig. 2.2(f), three locations are placed inside the cell and one location is placed
outside the cell, showing consistently a higher phase inside the cell. The increase of the velocity's
amplitude or ΔA, which can be used to decouple elasticity and viscosity, is not confirmed due to
noise in the signal (data not shown).
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Fig. 2.2. VIPS measurement. (a–d) Loc #1–#3 are located outside the cells and Loc #4 is located
inside the cell. A phase shift of about 0.4 degrees is clearly shown in the plot in (g). (e) Loc #1–
#4 are all located outside the cell as a control. Measured phases are close to each other. (f) Loc
#1–#3 are located inside the cell and Loc #4 is located outside the cell. Loc #1–#3 show
considerably higher values of the phase than Loc #4. (g) The measured phase of (a-f).
The measurement laser is scanned over the entire cell to obtain the 2-dimensional
measurement of VIPS as shown in Fig. 2.3. The measurement points are marked as solid circular
dots and the total number of the measurement points is over ~120 for each measurement. The
VIPS profile between the measurement points is calculated with linear interpolation.
To demonstrate the sensitivity of the VIPS measurement, the stiffness of the target cells is
modulated and their 2D VIPS profile is compared to those of untreated live cells. To increase the
stiffness, the target cells are exposed to 4% paraformaldehyde for 30 minutes, which crosslinks
intercellular proteins and increases cell stiffness[103, 104]. To decrease the stiffness, the cells are
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exposed to 0.1 μg mL−1 cytochalasin D (Cyto-D) and 10 μg ml−1 nocodazole (Noc) for at least 2
hours. Cyto-D is widely used to disrupt actin filaments and reduce cell stiffness[40, 105-107].
Noc interferes microtubules by inhibiting tubulin polymerization[18, 108] and is known to
decrease cell stiffness[106, 107, 109, 110]. While some studies show that Noc increases cell
stiffness[111, 112] by upregulating actin assembly through Rho signaling[113, 114], such
observations are limited to the cases where cells are exposed to Noc alone. The combination of
Cyto-D and Noc is used in this study, as it is reported that the combined use of Cyto-D and Noc
is more effective in reducing cell stiffness than using Cyto-D alone in earlier studies[106, 107].

Fig. 2.3. Scanning measurement of the cells with different treatment. (a and d): Top and side
views of the fresh and live cell. (b and e): Top and side views of the cell whose stiffness was
increased by chemical fixation. (c and f): Top and side views of the cell whose stiffness was
decreased by nocadazole and cytochalasin D treatment.
The platform area outside the cell shows a uniform phase centered around 0°, whereas the
phase increase is clearly observed inside the cell. In Fig. 2.3(a) and (d), the top view and the side
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view of the VIPS measurement of a live HT-29 cell are presented, where a smooth dome-shaped
increase of the phase is observed. The maximum increase of VIPS is about 0.4° and the mean ±
standard deviation of the points near the center of the cell is 0.30 ± 0.06°. Interestingly, a sharp
decrease of the phase is observed at the perimeter of the cells, and is believed to originate from
the optical interference of the measurement laser and the cellular membrane on the side of the
cell. The same cell in Fig. 2.3(a) is chemically fixed with 4% paraformaldehyde to increase its
stiffness and the VIPS is measured, as shown in Fig. 2.3(b) and (e). The fixed cell shows a
reduced VIPS around 0.2° (0.07 ± 0.12°), but also had a distinctive profile. The measured phase
is sloped from the northwest to the southeast direction, and the phase profile is rough and peaked.
The VIPS measurement of a cell, which is treated with Cyto-D and Noc to reduce its stiffness, is
shown in Fig. 2.3(c) and (f) The chemically treated cell shows a maximum VIPS over 0.6° which
is much larger than those of the live cell and the fixed cell. Besides, it shows a rough phase
profile with a mean ± standard deviation of 0.38 ± 0.16°. In summary, the live cell shows a
smooth phase pro- file with a maximum phase shift of 0.4°, and the fixed cell shows a sloped
phase profile with a maximum phase shift of 0.2°. The cell treated with Cyto-D and Noc shows
highly increased VIPS with a maximum phase shift over 0.6°.

2.3.2. Numerical analysis
To fully characterize the relationship between the mechanical properties of cells and
VIPS, a one-dimensional analytical model is established. In this model, a 10 µm thick cell region
and a 5 mm thick growth media region between a vibrating platform and a glass top ceiling of the
culture well are modeled with over 500 layers of mass-spring-damper systems, as shown in Fig.
2.4(a). The platform is assumed to vibrate sinusoidally (x0 = As sin ωt) as an external loading,
and the glass ceiling is assumed to be stationary (xn+1=0) as a boundary condition. The
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mechanical properties of water[115, 116] are used as those of the growth media. The force
equation between each layer can be described as shown in Equation 2-3.
mixi′′ = ki(xi − xi−1) + ci(xi′ − xi−1′) + ki+1(xi − xi+1) + ci+1(xi′ − xi+1′)

1≤i≤n
Equation 2-3

where xi, ki, and ci are the displacement, spring constant, and damping coefficient of ith
layer, respectively. From this model, Ac and φ are calculated with varying elasticity and viscosity
of the cell body. Then,

Equation 2-2 is used to convert these

values into VIPS or Δθ as show in Fig. 2.4(b). Based on the reported values[117, 118] of nCell of
1.38 and nGM of 1.35, VIPS is calculated to be in the range of 0–0.6° and increases with
decreasing elasticity and increasing viscosity.
Proposed analytical model provides the range of viscosity and elasticity, which can be
assigned to the cells depending on their VIPS. VIPS shows more sensitivity to the viscosity of the
cell than its elasticity as shown in Fig. 2.4(b). Therefore, viscosity of the cell can be estimated
much better than its elasticity.
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Fig. 2.4. Mechanical modeling of cell's height oscillation on a vibrating platform and VIPS. (a) A
one-dimensional analytical model is developed to simulate the height oscillation of the cell. (b)
Calculated VIPS with varying elasticity and viscosity is presented

2.4. Conclusion
A newly observed optomechanical phenomenon is reported in this chapter with theoretical
analysis and experimental data. It is clearly shown that the cell with lower mechanical stiffness
exhibits larger VIPS, demonstrating the potential of non-invasive mechanical phenotyping of
adherent cells. A numerical analysis model is established to elucidate the physical principles
behind the VIPS.
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Chapter 3. VIPS Measurement on Planar Resonator
3.1. Introduction
In the earlier work[119] (described in last chapter), a MEMS resonator array oscillated
cells for VIPS measurement. However, the use of the MEMS resonator array limited the assay
throughput, as only several cells can be attached properly on the MEMS resonators for the
characterization. Moreover, the mechanical properties of the target cells could be measured only
at the first resonant frequency of the MEMS resonators, significantly limiting the measurement
flexibility. To address these issues, a new actuation unit based on a bare silicon chip and a
commercial piezoelectric plate was developed in this study. The new actuation unit a) provides
higher measurement throughput, b) can characterize cells at multiple frequencies, and c) has less
technical hurdle as it is not based on microfabrication. The new actuation unit was based on offthe-shelf components and enabled the mechanical characterization at various frequencies. With
the new actuation unit, any cells on the silicon substrate can be measured, substantially increasing
the measurement throughput and flexibility. Measurements are done in a sequential point-bypoint manner with a throughput of ~25 points/minute. It can provide high throughput
measurement if the number of scanning points per cell is reduced. Using the new measurement
setup, many VIPS profiles of live, fixed, and chemically treated cells are obtained to statistically
show how cytoskeleton structure affects the mechanical properties of the cell. I also investigate
how the actuation frequency and amplitude affect the VIPS measurements. Lastly, I setup a 3dimensional numerical model to extract the mechanical properties from the measured VIPS.

20

3.2. Method and experimental section
3.2.2. Experimental setup
The experimental setup is shown in Fig. 3.1. An aluminum box is used to provide a
standard cell culture condition (37°C and 5% CO2). A rectangular window is cut on the box lid
and it is closed with a glass coverslip for optical access.

Fig. 3.1. Schematic diagram of the culture box and the actuation unit. The acoustic wave
generated by a piezoelectric plate is transferred through mineral oil to induce vertical vibration on
the cells.
To vertically vibrate the silicon chip, to which the cells are attached, the acoustic wave is
generated by a piezoelectric plate (20 x 20 mm, T180-A4E-602, Piezo Systems, Inc., USA) and
propagates to the silicon chip via silicone oil (50 cSt). The piezoelectric plate with electrical
wiring is attached to the bottom of a petri dish (90 x 90 mm) and immersed in the silicone oil. A
PDMS well or a 4 mm thick PDMS slab with a 6 mm hole is attached to the silicon chip and the
silicon chip with the PDMS well or a culture well is attached on a small petri dish (diameter = 36
mm), as shown in Fig. 3.2(a). The petri dish is attached to the lid of the box with four magnets as
shown in Fig. 3.2(b), so that the bottom of the petri dish is immersed in the silicone oil with a 4
mm gap to the piezoelectric plate. This configuration minimizes the transmission of the vibration
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through solid objects and most of the vibration energy is acoustically transferred to the silicon
chip through the silicone oil. As the acoustic wave propagates through the silicone oil, its shear
wave is quickly attenuated[120], and only the longitudinal wave can reach the silicon chip, so
that the silicon chip is actuated with a purely vertical vibration.

Fig. 3.2. Thick silicon chip is used to obtain a uniform phase shift pattern. (a) A culture well
containing live cells. (b) A sample inside an aluminum culture box during imaging process.
The average value of VIPS at the four corners of the measurement area is defined as the
reference VIPS and the measured VIPS is subtracted by the reference VIPS for better
comparison. Also, the difference between the average of the top 6% peaks of VIPS and the
reference VIPS is defined as the VIPS peak value. Averaging multiple points suppresses
measurement noise in VIPS. The data analysis can be carried out in real-time, but in this study, it
is done after the experiments.
The schematic diagram of the entire measurement setup is shown in Fig. 3.3. The
temperature control unit maintains the temperature of the culture box at 37°C. It consists of a
heating element connected to a DC power supply (6632A, Hewlett-Packard Inc., USA) and a
thermistor (194-104QET-A01, Honeywell Inc., USA) connected to a multi-meter (34401A,
Hewlett-Packard Inc., USA). The temperature control unit is automated by a custom MATLAB
(MathWorks, Inc., USA) script, which controls the temperature with a simple proportional–
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integral–derivative algorithm. With this setup, the temperature is controlled within ± 0.1°C.
To automate the VIPS measurements, a LDV (OFV-3000, OFV-502, Polytec, Germany),
a lock-in-amplifier (7265, Signal Recovery, U.S.A.), a function generator (33500B, Agilent
technology Inc., USA), a stage controller (H31XYZE-US, Prior Scientific, USA), and a camera
(AxioCam MRc, Carl Zeiss, Germany) are controlled by another custom MATLAB script.

Fig. 3.3. Schematic diagram of the measurement setup

The LDV setup produces laser type of helium neon with wavelength of 633 nm. The
resolution of velocity measurement is in the range of 0.3– 2.0 µm/s depending on the
measurement range of the LDV. The resolution of corresponding amplitude of a sinusoidal
vibration with a frequency of 100 kHz is approximately 0.3 pm. At higher frequencies, higher
amplitude resolution can be attained with velocity measurement.
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3.2.3. Cell culture and assay protocols
HT-29 is cultured in DMEM (Dulbecco’s modified eagle medium, Thermo Fisher
Scientific, USA) with 10% FBS (Fetal bovine serum, Thermo Fisher Scientific, USA) and 1%
penicillin streptomycin (Thermo Fisher Scientific, USA). A 10 x 10 x 2 mm silicon chip cut out
from a 2-mm thick 4-inch single crystalline (100) silicon wafer, a 10 x 10 x 4 mm PDMS slab
with a 6 mm hole, and a glass coverslip are sterilized with 70% ethanol for 30 minutes and
carefully dried in a sterile environment. The width and height of the silicon chip are the minimum
dimensions required for cell culture area and PDMS well attachment. The PDMS slab is attached
on the silicon chip to form a culture well. Then, a 50 μg/mL solution of collagen type I (Thermo
Fisher Scientific, USA) is introduced into the culture well to functionalize the silicon chip for 1
hour at room temperature. After the functionalization, the culture well is washed with PBS and
HT-29 cell suspension is added with a final concentration of 10,000 cells per each well. The
growth media is added to fill the culture well, which is then closed with a glass coverslip. The
prepared samples are kept in the CO2 incubator for at least 2 hours before the measurement.
The cells in the culture well are fixed with 4% paraformaldehyde aqueous solution
(Electron microscopy sciences, USA) for 30 minutes. Then, the cells are gently washed 5 times
with DPBS (Dulbecco's Phosphate Buffered Saline, Thermo Fisher Scientific, USA) and the
growth media is added to the culture well for the measurement.
Noc (Nocodazole, Sigma-Aldrich, USA), Cyto-D (Cytochalasin-D, Sigma-Aldrich, USA),
calyculin A (Abcam, USA), blebbistatin (MedChem Express, USA), Y-27632 (MedChem
Express, USA) are purchased and stock solutions are made with concentration of 5 mg/mL for
Noc, 30 µg/mL for Cyto-D and 1 µM for calyculin A in DMSO. Then final solutions for the
experiment are made in the growth media with concentration of 10 µg/mL for Noc[107], 0.1
µg/mL for Cyto-D[107], 0.5 nM for calyculin A, 10 µM for blebbistatin[121] and 10 µM for Y24

27632[122]. The drug concentrations are from the literature cited above, except calyculin A[121,
123]. For calyculin A, I experimentally found a maximum concentration, which does not cause
cell damages or detachment. The measurement is started 30 minutes after exposing cells to each
drug.

3.2.4. Deposition of water microdroplet
A silicon chip is treated with a buffered oxide etcher (BOE) to render it hydrophobic.
Then, a PDMS slab with a hole is attached to the silicon chip to form a culture well, followed by
the deposition of water microdroplets with an air-spray gun in a highly humidified chamber to
minimize the evaporation of the microdroplets. Immediately after the deposition of the
microdroplets, mineral oil (8042-47-5, Thermo Fisher Scientific, USA) is added into the culture
well to immerse the microdroplets. Lastly a glass coverslip is attached to close the culture well.

3.2.5. Statistical analysis
One-way ANOVA analysis with a statistical significance level of 0.01 is performed on
obtained data to examine the null hypothesis of no difference among VIPS of cell groups. The
Tukey Honestly Significant Difference (HSD) post hoc test and unpaired t-test are used for
multiple comparisons of different groups when the null hypothesis of ANOVA analysis is
rejected.

3.2.6. Finite element analysis
The harmonic analysis module of ANSYS Workbench 17.0 (ANSYS Inc., USA) is used
to analyze cell deformation during vibration. Typically the harmonic analysis is used to
determine the response of a structure under a steady state sinusoidal loading at specific
frequencies. It obtains a graph of some response quantities (usually displacements) versus
frequency. Both implicit and explicit integration methods are used to solve the harmonic analysis
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equations. In high-speed impact simulations, when the duration of impact time is so short (i.e.
high vibration frequency) that the integration time needs to be extremely small to catch details
behavior of structure, only explicit integration method can be used. To perform harmonic analysis
first the geometry of the structures should be defined and material properties such as Young’s
modulus, Poisson’s ratio and density should be defined in the engineering data section and
assigned to the structures in the model section. Then in the model section, the structures are
meshed and harmonic loading is applied to the structure. After specifying the damping ratio and
frequency range in the analysis settings, model can be solved. Directional frequency and phase
response of each point or section of structures can be extracted from the simulation[40].
To simulate the variation of OPL(t) and VIPS, a single cell on a silicon plate covered with
4 mm thick growth media is modeled. The unique geometry of HT-29 is modeled as a cylinder
(D = 24 µm, h = 6 µm) and a half sphere (D = 24 µm) on top. Bulk modulus of 2.2 GPa and
Poisson’s ratio of 0.5[124], are assigned to the growth media. Poisson’s ratio of the cell is
assumed to be 0.4 and the Young’s modulus between 100 Pa and 100 kPa is considered in the
simulation. A 1 nm vertical vibration at 50-130 kHz is applied to the top surface of the silicon
chip and damping ratio of 25 is used.

3.2.7. Extraction of VIPS from numerical analysis
The VIPS value can be derived from the amplitude and phase of the cell height oscillation
at each spot of the cell. To obtain VIPS from the simulation result, I first extracted the movement
at each spot of the cell from the simulation, and calculated the variation of the optical path length
(OPL) of the laser and the resulting VIPS. As a comparison, I choose two points on the cell, one
is at the center of the cell and the other is 0.1 µm from the edge of the cell boundary.
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From the simulation, I extracted the displacement of the center point of the cell during a
single oscillation cycle, from which the amplitude and phase of the displacement were extracted.
At the center of the cell, deformation is in vertical or z direction. The displacement of the center
point can be described as shown in Equation 3-1 and Equation 3-2.

Δz center (t ) = Dcenter sin(ωt + α )
Equation 3-1

Δxcenter (t ) = 0
Equation 3-2
Where, Δxcenter and Δzcenter are displacement of the center point in x and z-axis. I used
Dcenter and α to represent the displacement with respect to the global coordination, whereas Ac and
ϕ in

Equation 2-2 represent the displacement with respect to the

silicon substrate.
Similarly, the displacement of the silicon substrate can be described as Equation 3-3.

Δz substrate (t ) = As sin ωt
Equation 3-3
By subtracting the displacement of the cell by the displacement of the substrate, Ac and ϕ
can be obtained as shown in Equation 3-4.

ΔHeightCell (t )= Ac sin(ωt + φ ) = Δz center (t ) − Δz substrate (t )
Equation 3-4
Based on Ac and ϕ extracted from the simulation using Equation 3-4, VIPS values are
calculated with

Equation 2-2.

Calculating VIPS on the point near the edge of the cell is more complicated than the
center, as the point moves not only in the vertical direction (z-axis) but also in the horizontal
direction (x-axis). Although the simulation is done in 3D, the y-axis is ignored, as the model is
symmetric.
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Similarly, the displacement of the point near the edge of the cell was exported from the
simulation and the amplitude and phase were extracted as Equation 3-5 and Equation 3-6.

Δz edge (t ) = Dedge sin(ωt + δ 1 )
Equation 3-5

Δxedge (t ) = Ledge sin(ωt + δ 2 )
Equation 3-6
where, Δxedge and Δzedge are displacement of the point near the edge in x and z-axis. Dedge,
Ledge, δ1, and δ2 are used to represent the vertical and horizontal displacement with respect to the
global coordination.
With these notations, Ac and ϕ can be described as Equation 3-7 and Equation 3-8.

ΔHeight Cell (t )= Ac sin(ωt + φ ) = (Δz edge (t ) − Δz substrate (t )) + S t Δxedge (t )
Equation 3-7

S t = tan β
Equation 3-8
where β is the angle of the slope, as shown in Fig. 3.4. Similarly, to the center point, Ac
and ϕ are calculated using Equation 3-7 and substituted in
Equation 2-2 to obtain VIPS.
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Fig. 3.4. Diagram for calculating optical path length variation of laser to extract VIPS from cell
vibration at the point near the cell edge.

3.3. Result
3.3.1. Vertical vibration of a silicon substrate with spatially uniform phase
For precise VIPS measurement, purely vertical vibration of the substrate is essential.
Otherwise, the lateral vibration of the substrate translates the cells horizontally and additional
phase shift will be generated by the slope of the cell contour. Also, the phase of the substrate
vibration should be spatially uniform, so that the reference phase can be properly subtracted from
the measured phase to calculate VIPS at each point.
I characterized the lateral vibration of the silicon chip with a 2-dimensional VIPS profile
of a water microdroplet immersed in mineral oil. As the microdroplet is circular and
homogeneously filled with water, it should show a non-directional and circular 2D VIPS profile
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if the substrate is vibrating only vertically. When a silicon chip is directly attached to a
piezoelectric plate with an adhesive tape, the 2D VIPS profile of a water microdroplet has a linesymmetrically sloped profile with positive value on one side and negative value on the other side,
as shown in Fig. 3.5(a). Furthermore, the VIPS profiles of nearby microdroplets exhibited same
direction of symmetricity. This lateral vibration of the silicon chip is believed to originate from
the lateral vibration of the piezoelectric plate itself, as its d31 coefficient (-190 pm/V ), the ratio
between the vertical electric field to the lateral strain, is comparable to the d33 coefficient (390
pm/V), the ratio between the vertical electric field to the vertical displacement.
In order to prevent the piezoelectric plate actuating the silicon chip laterally, the direct
mechanical contact between the silicon chip and the piezoelectric plate is removed by attaching
the chip to the lid of the culture box, so that the vibration of the piezoelectric plate is forced to
propagate acoustically through silicone oil, as shown in Fig. 3.1. With these modifications, the
2D VIPS profiles of the water microdroplet become circularly symmetric, as shown in Fig. 3.5(c),
confirming the vertical vibration.
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Fig. 3.5. (a) VIPS profile of a water micro-droplet when silicon chip is directly attached to the
piezoelectric plate. (b) VIPS profile of a live cell when silicon chip is directly attached to the
piezoelectric plate. (c) VIPS profile of a water micro-droplet after using silicone oil to prevent
transfer of lateral vibration.
The phase of the velocity measured on the silicon chip with LDV should be spatially uniform for
the precise measurement of VIPS. As shown in Fig. 3.6(a), the phase of the velocity measured on
the 10 x 10 x 0.3 mm silicon chip has about 50° variation in a 4 x 4 mm area at 90 kHz. I believe
that this is caused by the vibration of the silicon chip above its first resonant frequency, where the
first resonant frequency of the silicon chip is only 24 kHz. To address this issue, a silicon chip
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with the thickness of 2 mm is used to increase its first resonant frequency (160 kHz). With the
thick silicon chip, the variation of the phase is mostly eliminated as shown in Fig. 3.6(b).

Fig. 3.6 Phase shift on (a) a thin silicon chip (Thickness= 0.3 mm) varies much more than (b) a
thick silicon chip (Thickness= 2mm).

3.3.2. Typical VIPS measurements of cells and water microdroplet
Typical 2D VIPS profiles of a live HT-29 in growth media and a water microdroplet in
mineral oil are presented in Fig. 3.7. The VIPS profiles are captured while the substrate is
vibrated with amplitude of 1 nm at 120 kHz. The VIPS values in the area between the
measurement points are obtained by linear interpolation for better visualization. As shown in Fig.
3.7(a), the VIPS profile of the live cell contains mostly positive VIPS with high values near the
edge and low but still positive values in the middle. I believe that the cell oscillates in both
vertical and radial direction during the deformation and that this complicated oscillation pattern
causes more changes in OPL(t) and higher VIPS value near the cell boundary than in the middle.
On the other hand, the VIPS profile of the water microdroplet shown in Fig. 3.7(b) contains the
positive VIPS near the boundary and the negative VIPS in the middle. The negative VIPS value
in the middle indicates that the oscillation of the middle part has 180° phase difference with
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respect to the oscillation at other parts of the microdroplet.

Fig. 3.7. (a) Side and top view of typical VIPS profile and (b) superimposed VIPS profile on the
bright field image of a live cell. (c) Side and top view of typical VIPS profile and (d)
superimposed VIPS profile on the bright field image of a water microdroplet. VIPS profiles are
captured at 120 kHz with vibration amplitude of 1 nm.

3.3.3. Repeatability of the VIPS measurement
VIPS measurements are repeated on fixed cells and live cells three times with 20-minute
intervals, as shown in Fig. 3.8. The three 2D VIPS profiles of a fixed cell shown in Fig. 3.8(a) are
consistent to each other and show very similar VIPS peak values (0.98° ± 0.06°). However,
multiple VIPS measurements on a live cell with same time intervals, exhibit similar VIPS peak
values (2.25° ± 0.25°) but dissimilar VIPS patterns, as shown in Fig. 3.8(b). I believe that the
dynamic nature of cytoskeletons and focal adhesions as well as the movement of cytoplasm and
intercellular compartments cause the variation in the VIPS profile.

33

Fig. 3.8. Repeatability of the VIPS Measurement (a) Three repeated VIPS measurements of a
fixed cell show a consistent pattern. (b) Three measurements of a live cell show different patterns
due to the movement of cytoplasm and intercellular organs and the dynamic nature of
cytoskeleton network. VIPS profiles are captured at 120 kHz with vibration amplitude of 1 nm.

3.3.4. VIPS measurement of chemically treated cells
Typical VIPS profiles of live, fixed, and Noc & Cyto-D treated cells measured at 90 kHz
and 120 kHz are presented in Fig. 3.9(a) and (b). The cells treated with Noc & Cyto-D, which are
known to be softer than live cells[105-107], exhibit the highest VIPS peak in their VIPS profiles
while, fixed cells, which are known to be stiffer than live cells[103, 104], show the lowest VIPS
peak.
To characterize how cytoskeleton networks affect the cell mechanics, the VIPS profiles
are measured on eight groups of cells treated with different drugs that affect cytoskeleton
networks. In addition to fixed (n90kHz=45, n120kHz=30) and live cells (n90kHz=50, n120kHz=50), six
groups of cells treated with Noc (n90kHz=35, n120kHz=38), Cyto-D (n90kHz=40, n120kHz=24), Noc &
Cyto-D (n90kHz=50, n120kHz=50), calyculin A (n90kHz=38, n120kHz=29), blebbistatin (n90kHz=39,
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n120kHz=30), and Y-27632 (n90kHz=30, n120kHz=23) are used. The VIPS peak values of these eight
cell groups at 90 kHz and 120 kHz are shown in Fig. 3.9(c) and (d), respectively. At 90 kHz, the
VIPS peak value of the live cells is significantly larger (p<0.005; unpaired t-test) than that of the
fixed cells and the cells treated with Noc, calyculin A, blebbistatin, and Y-27632, but smaller
(p<0.005; unpaired t-test) than that of the cells treated with Cyto-D alone or Noc and Cyto-D
simultaneously, as shown in Fig. 3.9(c).

Fig. 3.9. 2D VIPS profile of a live, a fixed cell, and a Noc & Cyto-D treated cell with (a) 90 kHz
actuation frequency and (b) 120 kHz actuation frequency. Average peak value of VIPS on live
cells, fixed cells, and cells treated with Noc, Cyto-D, Noc & Cyto-D, calyculin A, blebbistatin,
and Y-27632 at (c) 90 kHz and (d) 120 kHz. VIPS is more sensitive to the drugs at 90 kHz than
at 120 kHz. At 120 kHz, VIPS of fixed and Noc treated cells decreased VIPS, while that of Noc
& Cyto-D treated cell increased. (* indicates p<0.005 with unpaired t-test, + indicates p<0.05
with unpaired t-test.)
At 120 kHz, the VIPS peak values increase in all eight groups, as shown in Fig. 3.9(d).
The average VIPS peak values of fixed and live cells exhibit larger difference than at 90 kHz.
The VIPS peak value of live cells is still significantly larger (p<0.005; unpaired t-test) than that
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of the Noc treated cells and smaller (p<0.05; unpaired t-test) than that of Noc & Cyto-D treated
cells. However, the averages of VIPS peak values of live and other four groups of treated cells do
not show statistically significant difference. The VIPS peak values are summarized in Table 1.
Table 1. VIPS peak values and estimated elasticity of live, fixed, and drug treated cells at 90 kHz
and 120 kHz
Frequency

Live

Fixed

Noc

Cyto-D

Noc/Cyto-D

Calyculin A

Blebbistatin

Y-27632

90 kHz

1.21° ± 0.33°

0.69° ± 0.25°

0.85° ± 0.24°

1.48° ± 0.52°

1.53° ± 0.46°

0.96° ± 0.24°

0.84° ± 0.25°

1.00° ± 0.27°

5.33 ± 1.97 kPa 18.23 ± 9.79 kPa 10.10 ± 3.99 kPa 4.01 ± 1.92 kPa 3.68 ± 1.75 kPa 7.72 ± 2.37 kPa 10.35 ± 5.43 kPa 7.45 ± 3.03 kPa

120 kHz

2.39° ± 0.64°

0.86° ± 0.26°

4.60 ± 1.66 kPa 27.02 ± 7.61 kPa

1.82° ± 0.59°
6.56 ± 2.56 kPa

2.36° ± 0.72°

2.75° ± 0.78°

2.17° ± 0.68°

4.55 ± 2.16 kPa 3.59 ± 1.85 kPa 5.12 ± 1.68 kPa

2.23° ± 0.52°

2.14° ± 0.43°

4.72 ± 1.67 kPa

4.91 ± 1.26 kPa

3.3.5. Effect of the vibration frequency and amplitude on VIPS
To further characterize the effect of the frequency on the 2D VIPS profile, VIPS
measurements are done on live, fixed, and Noc & Cyto-D treated cells with vibration frequencies
in the range of 50 to 130 kHz. As shown in Fig. 3.10(a) and (b), the VIPS of all three groups of
cells increases as the frequency increases. The VIPS peak values of live and Noc & Cyto-D
treated cells increase more rapidly than that of fixed cells. These trends suggest that fixed cells
can be distinguished from the live cells much clearly at higher actuation frequency.
To investigate the effect of vibration amplitude on the VIPS, multiple VIPS
measurements are done on a fixed cell vibrating at different amplitudes in the range of 0.5 – 4
nm. First, I compared the 2D VIPS profiles of a fixed cell with increasing vibration amplitude, as
shown in Fig. 3.10©. The VIPS profiles of the fixed cell show consistency. Similarly, the
measured VIPS values in 5 different locations on the fixed cell did not show observable trend
with the increased actuation amplitude, as shown in Fig. 3.10(d).
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Fig. 3.10. Effect of actuation frequency and vibration amplitude on the VIPS pattern. (a) 2D
VIPS profiles of three groups of cells in various actuation frequencies (50 kHz-130 kHz). (b)
VIPS peak value of three groups of cells at different actuation frequencies (n = 4). VIPS peak
increases with increasing frequency. (c) 2D VIPS patterns of a fixed cell in different vibration
amplitudes (0.5 nm-4 nm) are consistent. (d) VIPS values on 5 different locations of a fixed cell
with different vibration amplitudes. VIPS is not significantly affected by vibration amplitude.
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The effects of vibration frequency and amplitude on the 2D VIPS profile of water droplets
are similar to that of the cell. As shown in Fig. 3.11(a) the VIPS of water droplet is increasing
with increasing frequency. As the vibration amplitude increases from 0.5 nm to 4 nm, the VIPS
profiles of water droplet have nearly constant pattern as shown in Fig. 3.11(b). The VIPS
negative peak is relatively constant and the positive peak shows 20% decrease.

(a)
90 kHz

110 kHz

130 kHz

0.5 nm

1 nm

2 nm

4 nm

10 °

50 µm

70 kHz

50 µm

(b)

-0.5°

0.5°

1.5°

2.5°

3.5°

Fig. 3.11. Effect of actuation frequency and vibration amplitude on the VIPS profile of water
micro-droplet. (a) 2D VIPS profiles of water micro-droplet at various actuation frequencies.
VIPS peaks are 2.18°, 3.25°, 5.72°, and 7.48° at frequency of 70, 90, 110, and 130 kHz
respectively. (b) 2D VIPS profiles of a water micro-droplet in different vibration amplitudes are
similar to each other.

3.3.6. Numerical analysis
To extract the mechanical properties from the measured VIPS, a numerical analysis model
is established. The harmonic analysis module of ANSYS Workbench 17.0 (ANSYS Inc.,
USA)[125] is used. To calculate the VIPS at different spots on the cell, I first simulate how the
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cell oscillates on the silicon chip. Then the variation in OPL(t) of the LDV laser at different spots
on the cell is calculated. When the silicon chip is moving downward the cell stretches and when it
is moving upward the cell is squeezed, as shown in Fig. 3.12(a). At the center, the cell deforms in
a vertical direction, producing a linear trajectory. However, on the edge, it deforms in both
horizontal and vertical direction, producing an elliptical trajectory. To extract the variation of
OPL(t) at the center and near the edge, the movements of these two spots are extracted from the
simulation (See Section 4-2-6.) Based on the calculated OPL(t), the VIPS can be calculated using
Equation 2-2.

Fig. 3.12. A finite element model of an oscillating cell on silicon substrate is presented. (a) The
cell stretches when the silicon chip moves downward and shrinks when the silicon chip moves
upward. VIPS values are calculated at the center and the marginal area of the cell at actuation
frequency of 120 kHz with cell elasticity of 5 kPa. (b) VIPS peak values extracted from
experiment and modeling at different actuation frequencies. VIPS peak value versus elasticity of
the cell at (c) 90 kHz and (d) 120 kHz. The mean of the measured VIPS in (c) and (d) are shown
with dotted lines and the standard deviations are shown with red lines.
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Results from numerical analysis are in good agreement with experimental results.
Estimated VIPS near the edge is much higher than that of the middle area, which is consistent
with an actual VIPS profile of a live cell. Fig. 3.12(b) compares the simulated VIPS peak value
and the experimentally measured VIPS peak value at different frequencies. Similar to the
experimental results, modeling results indicate that increasing the actuation frequency increases
the VIPS. To investigate the effect of cell elasticity on the VIPS, the Young’s modulus in the
range of 100 Pa - 1 MPa is assigned to the cell and the corresponding VIPS peak values are
calculated at the actuation frequency of 90 kHz and 120 kHz. The modeling is calibrated by using
the reported stiffness of live HT-29 in earlier literature[101]. As shown in Fig. 3.12(c) and (d),
the simulated VIPS peak value decreases when cell elasticity gets higher at both frequencies.
Based on the simulation, the elasticity of cells is estimated from the measured VIPS, as shown in
Table 1.

3.4. Discussion and conclusion
In this study, the mechanical characterization of single adherent cells with a laser
interferometry is reported. I expand the measurement technique in the earlier report[119], by
using a commercial piezoelectric plate and a bare silicon chip, instead of the MEMS resonator.
The actuation unit allows a wide range of the actuation frequency and the difference of VIPS
profiles at different frequencies is confirmed. Also, with the new platform, any cells growing on
the silicon chip can be measured, significantly increasing the throughput and flexibility of the
measurement. For instance, the new setup allows us to choose specific cells (i.e. cells with strong
fluorescent markers or with active migration, etc.) from thousands of seeded cells, so that the
VIPS measurement can be correlated to other measurement modalities. With assuming 4 points
measurement for each cell as in the earlier study[119], it will take about 10~15 second for each
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cell. However, in this report, I measured over 200 points on each cell for the clear validation.
The VIPS profile of a cell is inhomogeneous and less smooth, compared to that of the
water microdroplet immersed in oil, as shown in Fig. 3.7. Typically, the VIPS profiles of the cells
have maximum peaks near the cells’ perimeters and irregular placements of small peaks. These
irregular patterns are maintained in repeated VIPS measurements of a same cell fixed with
paraformaldehyde, as shown in Fig. 3.8. However, such pattern changes its shape with repeated
VIPS measurements of a same live cell. It is speculated that the irregular pattern is originated by
the random distribution of internal cellular organs and the dynamic nature of cytoskeleton
networks. As reported in earlier literature[126], the kinetics and mechanics of F-actin-binding
proteins have a significant impact on the mechanical response of cytoskeletal networks. Actin
filament cross-linking proteins have a dynamic nature with on and off rates of seconds to tens of
seconds. I believe that these intercellular changes are reflected on the VIPS measurement,
producing the irregular patterns that change over time. Paraformaldehyde[127] crosslinks lysine
with methylene bridges. Besides, it crosslinks aminomethylol groups and phenol, indole and
imidazole side chains. Consequently, paraformaldehyde generates strong binding among cellular
organs and cytoskeletons, effectively immobilizing them. This explains the consistency of the
irregular patterns in repeated VIPS profiles of a fixed cell.
As predicted in

Equation 2-2, VIPS measurements

should be independent of the vibration amplitude. My experimental data shown in Fig. 3.10(d)
agree with this. In earlier literature[126, 128], it is reported that strain or cell deformation less
than 2% does not significantly change the cell stiffness and that the cell mechanics remains in the
linear elastic regime. With the cell height of 10 µm, it is evident that the VIPS measurement
deforms the cells with significantly less than the limit of the linear region. As such, the VIPS
measurement is robust to small changes in the measurement conditions and it is not affected by
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the non-linear aspect of the cell mechanics, such as strain and stress stiffening[70, 126, 128].
To investigate how the cytoskeleton networks affect cell mechanics, components of
cytoskeleton networks are selectively inhibited and the VIPS profiles are obtained at 90 kHz and
120 kHz. First, as a negative and a positive control, I measured the VIPS of live HT-29 and fixed
HT-29. Fixation with paraformaldehyde not only immobilize intercellular structures through
crosslinking, but increases the mechanical stiffness of the cells[103, 104]. As a consequence, the
VIPS of fixed HT-29 is much lower than that of live HT-29 at both frequencies, as shown in Fig.
3.9.
Noc depolymerize microtubules, which are the stiffest polymer in the cytoskeleton
networks. With the inhibition of microtubules with Noc, the VIPS significantly decreases at both
frequencies, suggesting the increased stiffness. The effect of Noc treatment on the cell stiffness
has been shown to vary depending on the cell type and Noc concentration. Ingber et al. show that
33 µM Noc decreased the stiffness of capillary endothelial cells[107]. On the other hand, 3.3 µM
Noc was reported to increase the stiffness of L929[112]. However, further studies have shown
that depolymerization of microtubules with Noc induces the actin stress fibers formation through
Rho signaling and causes cell contraction which augments cell stiffness[111-114]. For further
investigation, actin filaments are inhibited with Cyto-D[40, 106, 107, 129]. The VIPS of HT-29
treated with Cyto-D alone is significantly higher than that of live cells at 90 kHz, but not at 120
kHz. On the other hand, the VIPS of HT-29 treated with Cyto-D and Noc is significantly higher
than that of live HT-29 at both 90 kHz and 120 kHz. The VIPS of HT-29 treated with Cyto-D and
Noc is significantly higher than that of HT-29 treated with Cyto-D alone at 120 kHz. This agrees
well with earlier litherature[111-114], reporting that Noc increases the cell stiffness by promoting
the formation of actin stress fibers, in that the depolymerztion of microtubules alone increased the
cell stiffness and that the simultaneous depolymerization of actin filaments and microtubules
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reduced the cell stiffness.
Actomyosin, an assembly of myosin II and actin filaments, generates contractile force in
the cells and plays a vital role in maintaining the mechanical integrity and morphology of the cell.
Myosin II mini-filaments can pull non-parallel actin filaments towards each other which causes
contractile or tensile force in the cells[130]. I investigated how actomyosin network affects the
cell’s mechanical properties by modulating its activity. Calyculin A prevents dephosphorylation
of myosin light chain (MLC) which enhances contractility of actin stress fibers and increases cell
elasticity[121, 123]. Blebbistatin inhibits myosin and Y-27632 inhibits the Rho-associated kinase
(ROCK), which also decreases activity of myosin[131]. Blebbistatin and Y-27632 are known to
decrease elasticity of cells by reducing their contractile level[104, 121, 122, 131, 132]. The VIPS
of HT-29 treated with calyculin A is significantly lower than that of live HT-29 at 90 kHz,
showing increased stiffness. This result agrees with earlier reports[121, 123]. However, it didn't
show statistically significant difference to that of live HT-29 at 120 kHz. I expect to see the
increase in the VIPS or decreased stiffness after being exposed to blebbistatin and Y-27632, as in
earlier reports[104, 121, 122, 131, 132]. On the contrary, blebbistatin and Y-27632 decreased
VIPS at 90kHz only, suggesting increased stiffness.
VIPS measurement shows a strong dependency on the actuation frequency and different
drug sensitivities at different frequencies. As the frequency increases from 50 kHz to 130 kHz,
the VIPS increases significantly, as shown in Fig. 3.10 and Table 1. The phase lag of the cell’s
height oscillation varies with the actuation frequency and the simulation results in Fig. 3.12(b)
exhibit a good agreement to the experimental measurement. However, the Young's modulus
extracted from the VIPS measurement with the numerical analysis (Fig. 3.12(c) and (d)) reveals
interesting trend. When the cells are fixed, the stiffness increases 50%, as the frequency increases
from 90 kHz to 120 kHz, as shown in Table 1. The live cells and the cells treated with Noc,
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calyculin A, blebbistatin, and Y-27632 show significant decreases in the extracted stiffness. On
the contrary, the cells treated with Cyto-D only and the cells treated with Cyto-D and Noc do not
show significant differences at 90 kHz and 120 kHz. These observations strongly suggest that
actin filament is responsible for the non-linear viscoelasticity or frequency-dependent stiffness of
the cells, at least in the high frequency range.
In earlier literature, it has been shown that the actin filaments is roughly frequencyindependent[133, 134], and that small concentration of microtubules gives non-linear
viscoelasticity to actin filament network[133]. However, in my study, the cell’s stiffness still
shows strong frequency dependency after depolymerizing microtubules and only the cells treated
with Cyto-D exhibited the similar stiffness at 90 kHz and 120 kHz. I believe that such
disagreement is because of the different frequency range for characterization. Earlier
literatures[133] used microrehology and characterized the cell mechanics at most 0.6 rad/s or 0.1
Hz, whereas proposed method is actuating cells between 60 - 130 KHz.
Also, the VIPS measurement at 120 kHz can differentiate the live cells from fixed cells
more effectively than 90 KHz, but fails to produce clear distinction between the live cells and the
cells treated with Cyto-D and between the live cells and the cells treated with calyculin A,
blebbistatin, and Y-27632, respectively. On the other hand, VIPS measurement at 90 kHz
produced statistically significant differences between live cells and other drug-treated cells.
These observations clearly demonstrate that the flexibility in selecting the actuation frequency is
essential in characterizing cell mechanics and developing mechanical biomarkers for cellular
disorders.
In summary, a novel optical technique to characterize mechanical properties of single
adherent cells without detaching them from the substrate is presented. As the demonstrated
method does not involve direct mechanical contact to the cells, it can measure the stiffness of
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single cells with high throughput in a non-invasive manner. Many single cells are measured and
the significant differences in VIPS are confirmed between cells groups whose stiffness is
artificially modulated. Furthermore, the developed system provides a multi-frequency
characterization of same single cells, enabling further investigation on the viscoelasticity of the
cells. In conjunction with chemical drugs that affect cell mechanics and cytoskeletons, this
system can elucidate how different components of cytoskeleton network affect the mechanical
response of the cell to the external force. As the system can repeatedly measure a same cell on a
sub-cellular level, such response can be studied in real-time to reveal spatiotemporal dynamics of
the cell mechanics. I believe that my measurement system can be a flexible and powerful tool to
extend our knowledge on the cell mechanics as well as to develop novel mechanical biomarkers
of various cellular disorders.
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Chapter 4. Reconstructing Vibration of Microscopic Transparent
Objects
4.1. Introduction
Dynamic characterization of micro-objects and micro-structures is widely investigated
because it exhibits their performance and provides feedback to improve their design and
fabrication process [135, 136]. Advanced optical methods have been developed to study the
dynamic behavior of various microstructures and micro-systems to make them reliable and
marketable [135, 137-141]. Stroboscopic interferometer system and laser Doppler vibrometry are
two conventional optical non-destructive methods, which are based on interferometry techniques
[142]. In stroboscopic interferometry, illumination pulses are synchronized with the excitation of
the target device to “freeze” periodic motion of the device. Detailed data of periodic motion of
the device can be captured using different phase delays between light pulses and device driving
force [138, 143]. As an example, stroboscopic interferometer system is used to monitor the
dynamic behavior of an array of 8 individual silicon cantilevers over frequencies from 0 to 1
MHz [144]. In the laser Doppler vibrometry the motion velocity and deflection of the target
object is extracted by illuminating a coherent laser beam on the object and measuring the Doppler
shift of the back-scattered light [135, 145]. Laser Doppler vibrometry is used to characterize and
validate the performance of various MEMS devices such as optical micro-mirrors, accelerometers
and MEMS resonators [145-147].
These methods have broad applications in dynamic characterizing of microdevices but
they cannot directly measure vibration of a transparent object since the major portion of emitted
light to the transparent object do not reflect back for the interferometry. Limited methods have
been invented to investigate dynamic behavior of transparent objects such as mammalian cells. In
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this regard, Reed et al [148, 149] have used the interferometry techniques to visualize the
response of a cell to a varying magnetic force. They quantified the responses of the cell body to
the applied force with measuring variation of the optical path length distribution within the cells.
But the maximum actuation frequency in which the dynamic response of the cell is analyzed was
0.05 Hz. Dynamic behavior of the cell under higher actuation frequencies has not been
investigated yet. Such characterization can reveal the mechanical properties of the cell body
under various pathological and metabolic conditions, with a potential to provide valuable clues to
understand cellular disorders.
In this chapter, a VIPS-based optical technique to investigate dynamic response of a
microscopic transparent object oscillating at low ultrasound frequency range is presented. This
method is used to reconstruct oscillation pattern of a microscopic transparent object, which is
vibrated at fixed frequency. Oscillation phase and amplitude of various spots on the transparent
object are detected and reconstructed from the optical path length variation, measured by a Laser
Doppler Vibrometer (LDV) and a lock-in-amplifier. Dynamic behavior of transparent objects can
be investigated in wide frequency range from 50 kHz to 250 kHz.

4.2. Method
4.2.1. Working principle
The measurement setup is the same as setup used for optomechanical stiffness
measurement explained in previous chapter. [150]. The target objects are deposited on the silicon
chip and immersed in a media with different refractive index. Then the VIPS measurement is
performed on the target objects.
As explained in Chapter 3, when the laser passes through the transparent object, OPL(t) is
affected by height oscillation of the object. The lock-in-amplifier extracts apparent amplitude
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increase, ΔA and the apparent phase shift, Δθ or VIPS from the LDV’s velocity output. ΔA and Δθ
can be calculated as a function of objects’ oscillation amplitude, Ac and phase shift, ϕ as shown in
Equation 4-1 and Equation 4-2.

⎡
⎤
(nobject − nGM )AC sin φ
Δθ = arctan ⎢
⎥
⎢⎣ nGM AS + (nobject − nGM )AC cos φ ⎥⎦
ΔA =

(nGM AS )2 + 2(nGM AS )(nobject − nGM )AC cos φ + (nobject − nGM )2 AC2
nGM AS

Equation 4-1

−1 Equation 4-2

To obtain the vibration pattern of transparent object, Ac and ϕ at each measurement point
are calculated from measured ΔA and Δθ at that point using Equation 4-1 and Equation 4-2. It
should be noted that no approximation is used for obtaining these equations. These two nonlinear
equations are defined as a system of equations in Matlab software and solved numerically. Then
height oscillation of object over time is reconstructed using calculated Ac and ϕ as shown in
Equation 4-3.

ΔHeightobject (t) = AC sin(ω t + φ )

Equation 4-3

4.2.2. Cell culture
Human adipose-derived stem cells (hASCs) obtained from LaCell, LLC. Cultures of
hASCs (3000 cell/cm2) maintained with Alpha-MEM with L-glutamine (Cat #: 12561-056,
Thermo Fisher Scientific, USA) supplemented with 20% FBS (fetal bovine serum , Cat #: 43602500, JR Scientific, USA) until attained 90% confluency. Then cells subcultured on silicon culture
wells with adipogenic differentiation medium (Cat #: LaADM-500, LaCell, L.L.C).
Differentiation medium inside the silicon culture wells changed every 3 days for 12~21 days until
lipid droplets appeared inside the cells’ body.
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4.2.3. Deposition of water microdroplets
Water micro-droplets are deposited on a silicon chip for VIPS measurement as explained
in previous chapter. Briefly, silicon chip is treated with a buffered oxide etcher (BOE), a PDMS
slab with a hole is attached to the silicon chip to create a culture well, an air-spray gun is used to
deposit the water microdroplets in a highly humidified chamber, then immediately mineral oil
(8042-47-5, Thermo Fisher Scientific, USA) is added into the culture well and lastly a glass
coverslip is attached to close the culture well.

4.3. Results
4.3.1. Reconstructing vibration of water microdroplets
The vibration of water microdroplet as a transparent object is characterized first to exhibit
the performance of the system, and then vibration of lipid droplet in adipocyte cell as a biological
sample is studied. VIPS measurement is done on water microdroplets to reconstruct their
vibration pattern while silicon chip was vibrating with 1nm amplitude. Water droplets with a size
similar to intracellular lipid droplets are selected. Water microdroplets are deposited on a silicon
chip with a spray gun and immersed in oil immediately as shown in Fig. 4.1(a).
2-D VIPS and amplitude increase ratio profiles of a water microdroplet measured at 120
kHz are superimposed on its bright-filed image, as shown in Fig. 4.1(b). VIPS value is almost
zero outside the droplet and is higher in the boundaries of the droplet than its center. Also
amplitude increase ratio is close to one outside of the droplet and is lower in the boundaries of the
droplet than its center.
Oscillation amplitude, Ac and phase shift of the droplet, ϕ at each measurement point are
calculated using measured VIPS and amplitude increase ratio as demonstrated in Equation 4-1
and Equation 4-2 and shown in Fig. 4.1(c). Refractive indexes of 1.33 and 1.45 are considered for
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the water microdroplets and mineral oil respectively [115]. Reconstructed oscillation amplitude is
below 0.4 nm around and in the middle of the droplet. It increases up to 2 nm at the boundaries of
the droplet. Average of reconstructed phase shift is about -45° at top 5% vibration amplitudes.
(a)

(b)
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Fig. 4.1. VIPS measurement and reconstructing oscillation of a water microdroplet (a) Deposited
water microdroplets on a silicon chip immersed in oil. (b) Superimposed measured VIPS and
amplitude ratio profile on bright field image of a water droplet. (c) Superimposed reconstructed
oscillation phase and amplitude profile on bright field image of a water droplet.
Reconstructed phase shift are shown in Fig. 4.1(c) only where oscillation amplitude is
higher than 0.4 nm, which is the detection limit of our setup. Detection limit of the system is
defined based on variation of reconstructed phase shift at different vibration amplitudes. As
shown in Fig. 4.2(a), standard deviation of the extracted vibration phase shift reduces abruptly
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about 4 times when the calculated vibration amplitude goes higher than 0.4 nm. Also, for
vibration amplitudes higher than 0.6 nm, the standard deviation of phase shift stays almost fixed.
This shows that the extracted vibration amplitude is not reliable under 0.4 nm and the detection
limit of 0.4 nm can be defined for the measurement setup. The amplitude increase ratio versus
calculated Ac and the VIPS versus calculated Ac, while Ac is higher than 0.5 nm are shown in Fig.
4.2(b). As the absolute value of amplitude increase rate grows, the calculated Ac increases almost
linearly. Similarly, Ac increases almost linearly with increase of measured VIPS. The increase
rate of the Ac is very dependent on the difference between the refractive indexes of the target
object and its surroundings media.
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Fig. 4.2. Detection limit of the measurement (a) Standard deviation of calculated phase shift of
vibration versus vibration amplitude. It demonstrates that the detection limit of the measurement
is about 0.4 nm. (b) Measured VIPS and amplitude increase ratio versus calculated vibration
amplitude, Ac for Ac > 0.5 nm.
The droplet oscillation pattern over time is obtained using calculated Ac and ϕ at each
point. Top and side view of reconstructed vibration pattern of a single water droplet at 120 kHz is
shown in Fig. 4.3(a). Vibration amplitude is higher at the boundaries than the center of the
droplet. It is expected to see that the volume of regions with positive and negative oscillation
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amplitude be equal because the volume of the water droplet should be preserved during vibration.
However, reconstructed vibration patterns do not clearly show the volume preservation. We
believe that this happens because the oscillation amplitudes in the middle of the droplets are
below the detection limit of the measurement setup. Fig. 4.3(b) is the reconstructed vibration
pattern of a water droplet at 90 kHz, which is a sign of volume preservation. It exhibits regions
with negative vibration amplitude in the middle of the droplet while vibration amplitude is
positive in the boundaries.
(a)

120 kHz

(b)

90 kHz

Fig. 4.3. Reconstructed oscillation pattern of a single water microdroplet (a) Top and side view of
reconstructed oscillation at 120 kHz. (b) Reconstructed oscillation pattern of a droplet at 90 kHz
which shows 180° phase difference between oscillation of the middle part and boundaries of the
droplet.
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Reconstructed vibration pattern of a droplet is very dependent on the actuation frequency.
The frequency dependency of the droplet’s vibration pattern is investigated by performing VIPS
measurement at a wide frequency range (70 kHz~130 kHz) on a single droplet. As shown in Fig.
4.4(a), reconstructed vibration patterns of the droplet at 90 kHz and 110 kHz are symmetrical
with higher vibration amplitude at the boundaries. However, reconstructed vibration patterns at
70 kHz and 130 kHz have sloped profiles in X direction and Y direction respectively. It
demonstrates that the droplet experiences significant amount of lateral vibration other than the
vertical vibration in some actuation frequencies. We believe that 70 kHz and 130 kHz are close to
the resonance frequencies of the microdroplets, which cause distinct vibration patterns.
Average of reconstructed phase shifts of top 5% vibration amplitudes in various
frequencies are calculated and shown in Fig. 4.4(b). With increase of actuation frequency the
phase lag of vibration increased from ~5° at 70 kHz to ~80° at 130 kHz. Also the average of top
5% vibration amplitudes generally increased with the actuation frequency as shown in Fig. 4.4(c).
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Fig. 4.4. Frequency characterization of a single water microdrople’s oscillation (a) Reconstructed
vibration of a single water droplet at various frequencies (70 kHz ~ 130 kHz). (b) Average of
phase shifts at top 5% vibration amplitudes in various frequencies (c) Average of top 5%
vibration amplitudes in various frequencies.

4.3.2. Reconstructing vibration of intracellular lipid droplets in adipocytes
To demonstrate the application of the proposed approach on biological samples, VIPS
measurement is done on intracellular lipid droplets in adipocytes and their vibration pattern is
reconstructed. Similar to the water droplets, VIPS measurement is done on the intracellular lipid
droplets in adipocytes and oscillation amplitude, Ac and phase shift, ϕ at each measurement point
are calculated from measured VIPS and amplitude ratio using Equation 4-1 and Equation 4-2.
Refractive indexes of 1.35 and 1.45 are considered for the cell growth media [118] and lipid
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droplets [151, 152] respectively. Reconstructed vibration amplitude and phase shift of lipid
droplets measured at 120 kHz, superimposed on their bright field image is shown in Fig. 4.5 (b)
and (c).
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Fig. 4.5. VIPS measurement and reconstructing oscillation of lipid droplets (a) Intracellular lipid
droplets in adipocyte. (b) Reconstructed amplitude profile superimposed on bright field image of
lipid droplets. (c) Reconstructed phase profile superimposed on bright field image of lipid
droplets.
As expected reconstructed vibration amplitude is very low outside of the lipid droplets. It
increases up to 3 nm at the boundaries of the lipid droplets. Reconstructed phase shift are shown
only where oscillation amplitude is higher than 0.4 nm. Average of phase shifts at top 5%
vibration amplitudes of single lipid droplets is about 140°. It has about 180° difference with the
average vibration phase shift of a single water droplet with similar size at the same actuation
frequency.
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The top and side view of reconstructed vibration of single lipid droplet at 90 and 120 kHz
are shown in Fig. 4.6. Vibration pattern of single lipid droplet varies from 90 kHz to 120 kHz and
the peak of vibration increases from 90 kHz to 120 kHz.
120 kHz

90 kHz

Fig. 4.6. Reconstructed oscillation pattern of a single lipid droplet. Top and side view of
reconstructed vibration at 90 kHz and 120 kHz.

4.4. Discussion and conclusion
To enhance the sensitivity of measurement, the difference between the refractive indexes
of the target object and its surroundings media can be increased. As shown in Equation 4-1 and
Equation 4-2 larger difference in the refractive indexes increases VIPS and amplitude increase
rate while actuation amplitude and frequency are constant. For instance, since refractive index of
lipid droplets (noil=1.45) is much higher than HT-29 cells (ncell=1.38), amplitude profile of lipid
droplets is much clearer than that of HT-29 cells. It is feasible to reconstruct oscillation pattern of
oil droplets with the current equipment since (nOil - nGM) is more than 3 times higher than (nCell nGM). To increase the difference of the refractive indexes, (nCell- nGM) density gradient media such
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as Iodixanaol[153, 154] and Nycodenz[155, 156] can be added to the growth media to change its
refractive index. With 80% concentration of Nycodenz, refractive index of growth media can
increase to 1.46, increasing the refractive index difference (|nCell- nGM|) by 2.5 times. I believe that
using this approaches, oscillation pattern of various types of cells can be reconstructed.
Moreover, measurement equipment such as LDV and Lock-in amplifier with higher
resolution and lower background noise will improve the detection limit and sensitivity of the
measurement.
As a potential future application, VIPS technique can be used to estimate the resonance
frequency of various cancerous cells for selective cell ablation. According to Geltmeier et al
[157] actuation of breast tumor cells in their resonance frequency in low ultrasound range can be
an effective approach for selective killing of tumor cells but not the normal cells. Developed
measurement platform can be used for extracting resonance frequencies of different cell types
and investigating cancer treatment using low-intensity ultrasound.
In conclusion, a VIPS measurement is presented to observe and characterize dynamic
behavior of microscopic transparent objects oscillating at low ultrasound frequency range.
Oscillation pattern of a water microdroplet is reconstructed as a model system. It is clearly shown
that the oscillation pattern of the microdroplet is significantly influenced by the actuation
frequencies. Moreover, oscillation pattern of intercellular lipid droplets is measured at different
frequencies, showing the capability of this method for studying biological samples. I believe that
the demonstrated technique is a unique method, which enables us to study the dynamic behavior
of microscopic transparent objects at a wide frequency range for the first time.
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Chapter 5. Extracellular Matrix Effects on Mechanical

Characteristics of Colon Cancer Cells
5.1. Introduction
In this chapter, VIPS measurement is used to study influence of different ECMs on
mechanical characteristics of colon cancer cells. VIPS measurement is performed on large
population of single colon cancer cells (HT-29) cultured on different ECMs and it is shown that
VIPS value of cells cultured on different ECMs are significantly different from each other. This
suggests the potential of VIPS measurement for analyzing adhesion and spreading of individual
adherent cells with minimum cell perturbation. This method can provide higher throughput (more
than 0.2 cell/min) compared to most of the conventional single cell adhesion measurement
methods, which introduced in chapter 1. It enables us to scan large population of single cells for
statistical analysis of different experimental conditions. Moreover, using VIPS measurement
mechanical interaction between a single cell and ECM can be repeatedly analyzed over a long
period of time.

5.2. Method
5.2.1. Working principal
The VIPS measurement principal and process are the same as what explained in previous
chapter. Briefly, 1 nm vibration with frequency of 120 kHz is transferred to the silicon substrate
and cells, and then a 50 µm by 50 µm rectangular area around each cell is scanned with LDV
laser and VIPS values are collected using the lock-in amplifier. The VIPS profile for each cell is
obtained and the average of top-ten peaks of the profile is defined as the VIPS peak value.
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5.2.2. Cell culture and assay protocols
HT-29 is cultured in DMEM (Dulbecco’s modified eagle medium, Thermo Fisher
Scientific, USA) with 10% FBS (Fetal bovine serum, Thermo Fisher Scientific, USA) and 1%
penicillin streptomycin (Thermo Fisher Scientific, USA). A 10 x 10 x 2 mm silicon chip, a 10 x
10 x 4 mm PDMS slab with a 6 mm hole, and a glass coverslip are sterilized with 70% ethanol
for 30 minutes and carefully dried in a sterile environment. The PDMS slab is attached on the
silicon chip to form a culture well. Then, the extracellular matrix (ECM) is introduced into the
culture well to functionalize the silicon chip for 1 hour at room temperature. Thin coatings of
collagen I (C3867, Sigma-Aldrich, USA) or collagen III (5021, Advanced BioMatrix, USA) or
collagen IV (354233, Corning, USA) or Laminin (354232, Corning, USA) or Fibronectin
(354008, Corning, USA) with concentrations of 5 µg/cm2 are used as ECM. According to the
manufactures’ specifications, Collagen I is diluted using 0.05M Acetic acid in water, Collagen III
is diluted using 0.01 HCL in water, Collagen IV is diluted using 0.05 M HCL in water and
Laminin is diluted using serum-free culture medium. Fibronectin aliquot is made using sterilized
distilled water and then the aliquot is diluted using PBS. After the functionalization, the culture
well is washed with PBS and HT-29 cell suspension is added with a final concentration of 10000
cells per each well. The growth media is added to fill the culture well, which is then closed with a
glass coverslip. The prepared samples are kept in the CO2 incubator for about 18 hours before the
measurement.

5.2.3. Imaging cell morphology
The ECM proteins in previous section (collagen I, collagen III, collagen IV, fibronectin,
and laminin) were diluted according to the manufacturer’s specifications as explained in previous
section for coating culture dishes. The dilutions were added to 96-well culture dishes (CLS3595,
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Corning, USA) using 5 µg/cm2 for fibronectin and 10 µg/cm2 for all other proteins. The dishes
were incubated for 1 hour at 37°C and rinsed gently with 1 mL 1X PBS. Cells were seeded at a
density of 1,000 cells/well in culture medium on coated wells. Also, cells were seeded at the
same density in uncoated wells for negative control (Tissue culture plastic, TCP). They were
cultured for 3 days at 37°C with 5% CO2 before staining the f-actin with phalloidin (A12379,
Thermo Fisher Scientific, USA) and nucleus with DAPI (508741, EMD Millipore Corp., USA).
Briefly, the cells were fixed with 10% PFA, permeabilized with 0.5% Triton X-100 in PBS,
blocked with 0.1% BSA in PBS, then stained with reagents according to manufacturer’s protocol,
and stored in PBS at 4°C. Cells were imaged at 40x using Nikon Eclipse Ti2 with pco.edge
sCMOS camera.

5.2.4. qPCR for integrin expression
Cells were cultured on collagen I, collagen III, collagen IV, fibronectin, and laminin
coated T-25 flasks. Flasks coated with collagen IV (354534, Corining BioCoat, USA),
fibronectin (354532, Corining BioCoat, USA), and laminin (354533, Corining BioCoat, USA)
were purchased from VWR. Other coatings (collagen I and collagen III) were applied on tissue
culture flasks (430639, Corning, USA) as described in previous sections. Tissue culture flask also
used for negative control. After coating, cells were seeded on all flasks at a density of 500,000
cells per flask in culture medium. Cells were cultured for 3 days at 37°C, 5% CO2, and collected
using cell scrapers. mRNA was isolated from cells using Qiagen RNeasy Kit (74104, Qiagen,
Germany). 1 µg total RNA was used to generate cDNA with the qScript cDNA SuperMix (95047,
Quantabio, USA) cDNA synthesis kit as per manufacturer’s protocol. Gene expression analysis
was run with PerfeCTa SYBR® Green SuperMix (95054, Quantabio, USA). Total gene
expression analysis was done through the ΔΔCt (fold expression) method. Data was normalized
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to Cyclin C with biological triplicates ±SD. qPCR is performed 3 times on the cells cultured on
different ECMs and the statistical significant difference is investigated using unpaired t-test.
Primers used for qRT-PCR are as follows (Invitrogen, Carlsbad, CA) :
CYCC F-5’-TATGGCATTGGGTGGGTCAG-3’
CYCC R-5’-AAACACCACATGTTTGCCGT-3’
ITGA1 F-5’- GGCAGCACAATTCATGCACA-3’
ITGA1 R-5’- AAATGTACACAGCTCCCCCG-3’
ITGA2 F-5’- GTGGCTTTCCTGAGAACCGA -3’
ITGA2 R-5’- GATCAAGCCGAGGCTCATGT -3’
ITGA3 F-5’-ATCATCCTCCTCTTGTGGAAGTG-3’
ITGA3 R-5’-AGCCTTCTGCCTCTTAGCTTCAT-3’
ITGA6 F-5’-CACTAACAGAGTGGCCGTCCTA-3’
ITGA6 R-5’-CCCCAATGGCATAGTCTTGTG-3’
ITGAV F-5’- TTCTTGGTGGTCCTGGTAGC -3’
ITGAVR-5’- TGTGCAGTCCGAGTTGCTAA-3’
ITGB1 F-5’-AACGAGGTCATGGTTCATGTTG-3’
ITGB1 R-5’-CAAGGCCAATAAGAACAATTCCA-3’
ITGB4 F-5’- CGAGGACTGGGTCCTTTCAC -3’
ITGB4 R-5’- TGGATGTTGCCCTTCTGGTC-3’
ITGB5 F-5’- CCTGGAACAACGGTGGAGAT-3’
ITGB5 R-5’- GGATACCCCATCTTGGCAGG-3’

5.3. Results
5.3.1. VIPS measurement of cells cultured on different ECMs
To study the effect of different ECMs on the cell mechanics, the 2D VIPS profiles of HT29 cells cultured on various ECMs are characterized as shown in Fig. 5.1. The VIPS profiles are
measured on six groups of cells cultured on collagen I (n=35), collagen III (n=41), collagen IV
(n=35), laminin (n=40), fibronectin (n=37), and bare silicon substrate without any ECM
treatment (n=13). Typical VIPS profiles of cells cultured on collagen I, fibronectin, laminin and
not coated silicon substrate are presented in Fig. 5.1(a). The VIPS peak of the cells cultured on
collagen I and collagen III, which are known to provide better adhesion rates than the laminin and
fibronectin [158, 159] are significantly lower (p<0.01 for collagen I, p<0.05 for collagen III;
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unpaired t-test) than that of the cells cultured on fibronectin, laminin and bare silicon substrate, as
shown in Fig. 5.1(b).
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Fig. 5.1. VIPS peak varies depending on the ECM treatment on the substrate. (a) Typical VIPS
profile of HT-29 cells cultured on collagen I, laminin, fibronectin, and bare silicon substrate
(control) (b) VIPS of HT-29 cells cultured on fibronectin, laminin and control are significantly
higher than that of cells cultured on collagen I and III. (** P<0.01, * P<0.05) (c) Average of
VIPS peak measured from VIPS profiles of the cells cultured on different ECMs.

5.3.2. Cell spreading on different ECMs and its correlation with VIPS
To investigate how different ECM coatings cause variation in VIPS profile of the cells,
fluorescence images of cells’ cytoskeleton are captured 3 days after seeding and analyzed as
shown in Fig. 5.2. The average area, average nucleus to cytoplasm ratio, and average f-actin
62

concentration of cells cultured on collagen I (n=98), collagen III (n=150), collagen IV (n=202),
laminin (n=85) and fibronectin (n=156) are measured and compared to each other. ImageJ
software is used to measure the area of cell’s cytoplasm, cell’s nucleus and calculate the nucleus
to cytoplasm ratio from the previously captured images. Also average f-actin fluorescence
intensity of each cell is measured by specifying the boundaries of the cell using imageJ. The
average area of the cells cultured on collagen I, III, and IV are significantly higher than that of
cells cultured on laminin and fibronectin, as shown in Fig. 5.2(b). Also cells cultured on collagen
I, III, and IV exhibit significantly lower nucleus to cytoplasm ratio compared to those cultured on
laminin and fibronectin, as shown in Fig. 5.2(c). These two evidences demonstrate that cells
spread much better on collagen-coated substrate compared to laminin and fibronectin-coated
substrate. Cell spreading is correlated with the measured VIPS peak of the cells. As the cells
spread better on the substrate, their VIPS decreases significantly.
F-actin concentration of cells cultured on different ECMs is characterized as shown in the
Fig. 5.2(d). The average f-actin fluorescence intensity shows close correlation with the VIPS
peak of the cells. Typically as the fluorescence intensity increases the VIPS increases accordingly.
Average f-actin fluorescence intensity of the cells cultured on fibronectin, laminin, and collagen
IV are much higher than that of cells cultured on collagen I and III. However the total f-actin
amount of a cell, which is the average of f-actin fluorescence intensity of the cell multiply by the
cell’s area is similar among all groups of cells (not shown). It seems that the higher fluorescence
intensity observed because the cells do not spread very well on the substrate and they are taller,
which leads to the higher VIPS.
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Fig. 5.2. Spreading of HT-29 cells on different ECMs after 3 days. (a) Fluorescence image of
HT-29 cells cultured on different ECMs. (b) Average area of HT-29 cells cultured on fibronectin
and laminin are significantly lower than that of cells cultured on collagens. (c) Nucleus to
cytoplasm ratio of HT-29 cells cultured on fibronectin and laminin are significantly higher than
that of cells cultured on collagens. (d) Fluorescence intensity of HT-29 cells cultured on
fibronectin, laminin and collagen IV are significantly higher than that of cells cultured on
collagen I and III. (** P<0.01, * P<0.05)

5.3.3. Integrin expression of the cells
To further study the effect of ECMs on condition of cultured cell, integrin expression of
HT-29 cells cultured on different ECMs is characterized using qPCR as shown in Fig. 5.3.
Although there are some differences in integrin expression levels for HT-29 cells cultured on
different ECMs, required integrins for binding of cells to all the ECMs under study are observed
in considerable level. The normalized integrin expressions for the cells cultured on collagen I,
fibronectin and laminin are shown in Fig. 5.3a). The integrin expression varies considerably with
integrin β1 displaying the highest expression level. β1 is an essential integrin for binding of the
cells to all the ECMs under study. While α1 and α2 are mostly required for cell binding to the
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collagens, α6 is required for cell binding to the laminin, α5, αv, and β5 are required for cell binding
to the fibronectin [158, 160-162]. All of these integrins except α5 are expressed in considerable
level, causing adequate binding between HT-29 cells and the ECMs.
However, fibronectin and laminin caused down regulation of integrin expressions after 3
days, which may lead to weaker adhesion between cells and the substrate. The integrin
expression of the cells cultured for 3 days on different ECMs are compared to each other as
shown in Fig. 5.2(b). Integrin expression of cells cultured on TCP is used as a reference.
Generally cells cultured on fibronectin and laminin are expressing much less integrins compared
to the cells cultured on TCP. Expression of α1, α2, α6, αv, and β5 significantly decreased for the
cells cultured on laminin while integrin expression did not change significantly for the cells
cultured on collagens. Also expression of α1 and α2 significantly decreased for the cells cultured
on fibronectin.
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Fig. 5.3. Integrin expression of HT-29 cells. (a) Bar graph of overall integrin expression of HT-29
cells cultured on collagen I, fibronectin, and laminin. (b) Integrin expression of cells cultured on
different ECMs for 3 days. Integrin expression significantly decreases for cells cultured on
fibronectin and laminin. Error bars shows the standard deviation among three measured values.
(** P<0.01, * P<0.05).

5.4. Discussion and conclusion
It seems that the relative adhesion of the cells to different ECMs can affect their VIPS. As
the cells adhere better on the substrate, they oscillate less by the substrate’s vibration and their
VIPS decreases. According to studies by Haier et al [158, 159] relative adhesion rates of HT-29
cells cultured on collagen I and IV is much higher than those of cells cultured on laminin and
fibronectin in time periods of 10 to 120 minutes. The lower adhesion rates of HT-29 cells
cultured on laminin and fibronectin are correlated with their significant higher VIPS value
compared to collagen I.
Since integrins are known as essential elements for adhesion of cells to the ECMs,
integrin expression of cells cultured on different ECMs is measured using qPCR and analyzed.
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Significant decline in expression of some integrins is observed for the cells cultured on laminin
and fibronectin for 3 days. This might be the reason of lower adhesion straight and higher VIPS
values for the cells cultured on laminin and fibronectin. Earlier studies have shown [163, 164]
that reduction in integrin expression is associated with lower adhesion straight. According to
Stallmach et al [164] expression of α6, β1, and β4 by colonic epithelial cells is reduced after
transformation from benign to malignant tumor. Thus reduction in integrin expression can be
linked to reduction of cell-ECM adhesion followed by detachment of the cells and invasion to
other organs.
Also, the image analysis suggests that VIPS of cells is influenced by how they spread on
the substrate. As the cells spread better on the substrate their VIPS decreases. The average area
and nucleus to cytoplasm ratio of HT-29 cells, which are cultured on various ECMs for 3 days,
are calculated as shown in Fig. 5.2. Average area and nucleus to cytoplasm ratio of cells cultured
on collagens are respectively significantly larger and smaller than those of cells cultured on
laminin and fibronectin. This demonstrates that HT-29 cells spread on collagens much better than
fibronectin and laminin, which is most likely, the cause of difference in their VIPS.
Although cells are spreading almost similarly on collagen I and IV, there is a slight
difference between VIPS of cells cultured on these two ECMs. Some studies have shown that
relative adhesion rate of HT-29 cells cultured on collagen I is higher than those cultured on
collagen IV [158], which might be the reason for the difference in their VIPS. Also it should be
noted that that the molecular composition and mechanical properties of the ECM affects the
adhesion processes of the cells [165]. The supramolecular assemblies of collages I and IV are
different. Collagen I forms rod-shape fibrils, while collagen IV forms a 2 dimensional network of
molecules [166, 167]. This difference in the molecular organizations might cause different
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binding between cells and collagen layers and lead to higher VIPS value of cells cultured on
collagen IV compared to collagen I.
In our earlier study [150], we have shown that with inhibition of f-actin using
Cytochalasin-D the VIPS of cells significantly increases which shows the close correlation
between f-actin and VIPS value. Thus, in this study we also measured the f-actin contents of the
cells cultured on different ECMs using phalloidin staining. The total f-actin amount of cells is
similar among all cell groups cultured on different ECMs (not shown), however the average factin fluorescence intensity for the cells cultured on laminin and fibronectin is significantly
higher than that for the cells cultured on collagen I and III as shown in Fig. 5.2d). In fact, similar
amount of f-actin exists in the cells cultured on laminin and fibronectin, which are not spread as
well as cells cultured on the collagen I and III. It seems that these cells are taking smaller area but
they are taller, so they reflect higher f-actin concentration. This demonstrates that different ECMs
do not change the intracellular f-actin contents of the cells significantly, but they have high
impact on how cells bind to the substrate and spread on it.
In conclusion, mechanical interaction between single HT-29 cells and various ECMs are
characterized using VIPS technique. Significant difference in measured VIPS is confirmed for the
cells cultured on different ECMs, showing direct impact of ECMs on mechanical response of the
cells. By measuring the integrin expression and imaging of the morphology of the cells, it is
demonstrated that measured VIPS is associated with spreading of the cells on the substrate and
cell-ECM adhesion.
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Chapter 6. Conclusion and Future Work
6.1. Summary and conclusion
In this dissertation a novel optomechanical technique is developed to characterize
mechanical properties of single adherent cells without detaching them from the substrate. This
technique does not require direct mechanical contact to the cells, so it can provide non-invasive
and high throughput measurement. In this technique, cells are vibrated with less than a few
nanometer amplitude and their mechanical properties are extracted from the measured vibration
induced phase shift (VIPS). A one-dimensional numerical model is established to extract
mechanical properties of cells from VIPS measurement data collected using MEMS resonator.
A measurement platform with planar resonator is designed and developed based on VIPS
technique. Developed platform provides a high throughput, multi-modal, and multi-frequency
measurement system to mechanically characterize single adherent cells. Large populations of
single cells whose stiffness are artificially modulated with various drugs are measured and
significant difference between the average VIPS peak values of different cell groups are
confirmed. Furthermore a 3-dimensional finite element model is established to extract the cell
stiffness from measured VIPS.
VIPS technique is used to study dynamic behavior of microscopic transparent objects at a
wide frequency range. The oscillation pattern of vibrating water microdroplets and intercellular
lipid droplets are reconstructed using VIPS measurement data. Also, it is shown that actuation
frequency of microscopic transparent objects significantly alters their oscillation pattern.
Lastly, mechanical interaction between cells and different ECMs are studied using VIPS
measurement. Direct effect of the ECMs on mechanical response of the adherent cells is
demonstrated by confirming significant difference in measured VIPS of cells cultured on
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different ECMs. Image of cells cultured on various ECMs clearly show that as the cell spread
more on the substrate showed lower VIPS, indicating better cell-ECM adhesion. Moreover, down
regulation of integrin expression is observed for cells cultured on specific ECMs, which had led
to significantly increased VIPS.

6.2. Future work
As a future step to improve the VIPS measurement platform, a new LDV setup and lockin amplifier with higher operation frequency can be used to increase the measurement frequency.
Current measurement platform is capable of measurement at frequencies below 250 kHz,
however as shown in chapter 3, the VIPS peak and measurement sensitivity increases as the
actuation frequency increases. With increasing the actuation frequency to MHz range, I expect to
observe more significant gap between the VIPS of cells with different mechanical properties.
Therefore, different types of adherent cells even with very short height can be measured and their
stiffness variation can be precisely captured using VIPS measurement.
Furthermore, VIPS measurement can be used to study the relationship between
proliferation rate and mechanical properties of the cells. In this regard, cultured cells can be
imaged for a few days under the microscope, then cells with higher and lower proliferation rates
should be measured and their VIPS should be compared with each other to investigate difference
in mechanical properties of cells with different proliferation characteristics.
Also, as a future work, VIPS technique can be used to characterize mechanical properties
of Cancer Stem Cells (CSCs) and non-CSCs on a single cell level to investigate capability of
VIPS measurement for detecting CSCs. CSCs are known as a subset of cancer cells, which play
key roles in cancer metastasis and recurrence. Therefore, identifying CSCs from their mechanical
properties as a label free approach is very valuable. In this regard, specific surface markers can be
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used to identify putative CSCs, and then cells with various expressions of surface markers should
be measured to find out possible correlation between VIPS and surface markers’ expression level.
I have established the experimental procedure for this study and performed the experiment using
3 surface markers, however the current microscope camera was not sensitive enough to capture
weak fluorescence expression of surface markers. A microscope camera with higher sensitivity
can be used to pursue this study in future.
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